We evaluated objective diagnostic methods for patients with possible upper cervical spine instability caused by trauma and correlated them with subsequent neurosurgical findings and outcomes. Between November 1995 and May 1998, we investigated 420 patients with functional magnetic resonance imaging (MRl) ofthe craniocervical junction. We evaluated the extracranial vertebrssiitrculation by MR1 angiography, with focus on the position of the dens and on the subarachnoid space during entire rotational maneuvers. We documented 72 cases (17.1%) of injuries to the alar ligaments that were accompanied by signs of instability. Twenty patients (4.8%) had a complete alar ligament rupture, and 52 (12.4%) had an incomplete rupture with coexisting instability. We referred these patients to a neurosurgeon. Surgery was eventually chosenfor42 patients (10.0%) with the intention of obtaining dorsal occipitocervical stabilization. The duration of time between the MRI evaluation and surgery rangedfrom 1 week to 1.5 years (mean: 3.5 mojo After thefifth postoperative day, almost all symptoms had disappeared. One year following surgery, 34 of the 42 patients (80.9%) still demonstrated successfulfusion and an alleviation oftheir sensation ofinstability. Twenty-five ofthese patients (59.5%)-all ofwhom were unemployed before surgery-were able to resume a professional activity. In the eight patients (19.0%) who still had a loss of stability during the second and 14th weeks, we noticed that there were some negative effects ofrehabilitation. Six of these patients developed pseudarthrosis or osteolysis oftheir bone grafts during the first 3 months afterfusion, and three required a repeat operation. We conclude that
Introduction
Patients who experience an injury to their cervical spine after an acceleration trauma often present problems with respect to the correct diagnosis. Particularly difficult to recognize are injuries to the cervicocephalic area because there is currently a lack of objective diagnostic criteria. The craniocervicalligaments and fibrous capsules are not visible on plain radiographs. A widened or uneven atlantodental distance implies that the alar ligaments are disrupted or dysfunctional.
Approximately 25% of all patients with cervical distortion and injury to the soft tissues of the neck experience cervical and/or neck pain up to 4 to 7 years later-pain that requires continual orthopedic, manual, pharmacologic, or other therapy.P Several authors have postulated that cervical spine instability is a consequence of injury to the ligaments." Conventional x-ray studies and functional computed tomography (CT) can be helpful in determining the various angles ofanatomic markers in the spine. 4 • 7 • 8 However, the usefulness of these imaging studies is dependent on the degree of the patient's relaxation and do not always correspond with the degree of functional impairment. It is known that the atlanto-occipital plane and therefore the socle joint (C2 vertebral body) are especially vulnerable to indirect trauma," Also, the horizontally oriented facet joints and capsules between the atlas and axis can be affected by accentuated axial rotation, which can injure the alar ligaments.
Since the introduction of functional magnetic resonance imaging (fMRI) on an open magnet, it has been possible to observe the functional condition of the ligaments and the atlantoaxial joints on a video loop. One study attempted to classify alar-atlantoaxial joint instabil-ity and the related regional injuries in order to better understand the result of biomechanical damage to the ligaments during overstretching. 10 Saternus found that among 397 victims of high-speed trauma, 340 (85.6%) had evidence of upper cervical ligamentous lesions, while only 57 (14.4%) had bone fractures."
Functional MRI video diagnosis does not focus on injuries to the ligamentous microstructure as does highresolution MRI. Instead, it directly visualizes instability of the craniocervical junction." It is generally accepted that increased axial rotation instability of the upper cervical spine can cause symptoms such as severe occipital headache and pain and tenderness in the adjoining neck muscles. Other concomitant complaints can include dizziness, tinnitus, paresthesia, visual disturbance, cognitive impairment, sleep disturbance, vegetative symptoms, inability to ride a bicycle, and darkness orientation disturbances.P:"
Patients and methods
Between November 1995 and May 1998, we studied 420 patients (228 females, 192 males), aged 17 to 55 years (mean: 37), who had a history of trauma involving the upper cervical spine. We performedfMRI with a 0.2 Tesla Magnetom Open imager (Siemens; Erlangen, Germany) that was equipped with a device that allowed for lateral tilting and transverse rotation of the cervical spine. The causes of these traumas included high-speed motor vehicle or automobile-pedestrian collisions (n =371), falls from high elevations (n =18), sports play (n =16), and bicycle or motorbike accidents (n = 15). We excluded from our study patients younger than 17 years of age and patients who had open, penetrating spinal injuries, metabolic bone disease, ankylosing spondylitis, rheumatoid arthritis, or generalized connective tissue diseases.
The duration of time between the trauma and the MRI ranged from 4 months to 5 years (mean: 2.7 mo). Most patients had earlier undergone plain radiography, and some had undergone thin-section CT or high-resolution MRI under static conditions. Before undergoing fMRI, all patients underwent MRI angiography of the cervical vertebral arteries. When necessary, we monitored heart rate and respiratory function during the imaging process with an MR-fiberoptic pulse oximeter (Nonin 8600 Fa, Mediquip; Kirchzarten, Germany). There was continuous, direct-view visual monitoring of the patient. Our decision to use an open magnet was based on our familiarity with clinical manual therapy-specifically, tilting the neck step by step to the right and left as a single investigation and rotating the neck to the right and left as a separate investigation. No anesthesia was necessary. Under our protocol, the procedure could be interrupted if the patient lost consciousness or developed a blockage in the upper cervical spine that could irritate the vertebrobasilar circulation. The details of the MRI parameters and characteristics have been reported elsewhere." Circular surface coils of different diameters were used to improve the anatomic resolution at the target point. We obtained thin slices, mostly between 4 and 5 mm, that were oriented to the exact location of the alar ligaments, either horizontally or off-axis.
We used several pulse sequences, including fast-spin echo (for the motion video loop) and gradient echo as Tland T2-weighted images. No three-dimensional gradient sequences with secondary reconstruction were used. In order to characterize the instability patterns of the craniocervical joint, especially in the dens and the alar ligaments, we established two criteria to indicate the local motion of the dens: the left-to-right tumbling of the dens ("dancing dens") and the anterior-to-posterior movement during MRI video documentation (figures 1 and 2). In order to identify instability of the craniocervicaljunction, it is necessary to keep attention focused on the position of the dens, the surrounding dens capsula, and the dimension of the subarachnoid space during the entire rotational maneuver. The types of ligamentous lesions and the identification of instability were documented with respect to the patient's neurotologic and orthopedic presentation, to the operative treatment, and to the patient's outcome. We found that 72 patients had documented signs of instability, including ligamentous injuries, fibrous capsule ruptures of CI-C2, or trauma to the dens-related capsula. These patients were referred to a neurosurgeon. Surgery was chosen for 42 patients (10.0%) with the intention of obtaining dorsal occipitocervical stabilization. The duration of time between the MRI evaluation and surgery ranged from 1 week to 1.5 years (mean: 3.5 mo). Under the surgical plan, it was initially decided to Volume 80, Number 1 insert only the bone transplant between COand C2 and fix it with a titanium wire. Rotating movements between Cl and C2 were still possible.
Because pseudarthrosis can occur as a result of a recurrence of instability and clinical symptoms, we decided to insert an additional screw, thereby reintroducing an old method described by Magerl." Essentially, this involved a posterior surgical approach to the craniocervical junction. With fluoroscopic guidance, we placed titanium screws into predrilled holes, starting at the arch of C2 and proceeding in the direction of the lateral mass of C I (figure 3). We paid careful attention to avoiding the intravertebral artery. We achieved further stabilization from COto C2 over the spinous process with cortical and spongy autogenous bone graft, which was harvested from the posterior iliac crest and fixed with titanium wiring though two occipital burr holes to the right and left of midline. Furtherattachment of the bone graft was achieved with "figure 8" wiring to the spinous process of CI and C2. With this new technique, we were able to achieve immediate and reliable stability.
During followup, we noticed that there was some instability between COand C2 in all patients because of the loss of some of the bone graft. We believed that the primary cause of this was the normal movement of the cervical spine. It was our recommendation that a plate be installed between COand C2 with fixation screws inserted into the lateral mass of C2 and into the large surface areas of the occipital bone. Even though this procedure prevents rotational movement of the head either to the left or right, it does guarantee that there will be no future separation of CO-C2, such as was the case with the titanium wire. Nowadays, the operative procedure consists of a complete titanium-plate fixation from the occiput to C2 in combination with the Magerl procedure.
Followup data were obtained from hospital medical records, rehabilitation clinics, outpatient charts, and telephone interviews. The collection of followup data is still in progress.
Results
Among the 420 patients we investigated, 20 (4.8%) had a complete rupture of the alar ligament and 52 (12.4%) had an incomplete rupture (table). Twenty-eight of these patients had a coexisting elongation of the transverse atlantal ligament and a malfunction in the contralateral alar ligament. In addition, some of these patients had rupture signs of either the CI-C2 or C2-C3 fibrous capsule. Such a rupture was visible only on maximum contralateral tilting, which caused a subluxation of C2.
Eighty-one patients (19.3%) had a variation in their intraligamentous signal pattern that was probably caused by granulation tissue, and their MRI videos showed evidence of instability. A total of 102 patients (24.3%) had a signal variation in their alar ligaments, but no demonstrable video instability. Another 158 patients (37.6%) showed no evidence of instability in the craniocervical junction and no loss of signal in the alar ligaments. Four patients (1.0%) had dens variations, and three others (0.7%) had elasticity syndromes, such as Ehlers-Danlos syndrome and Marfan's syndrome. Only 12 of the 52 patients (23.1 %) who had an incomplete rupture exhibited a periosteal pathology at the insertion of the alar ligaments on the dens. All 20 patients who had a 44 In the 42 patients who underwent stabilization surgery, almost all symptoms had disappeared by postoperative day 5, and considerable improvement was seen in their equilibrium, especially while riding a bicycle. One pa- In most cases, radiographic followup was performed 6 to 8 weeks following the operation. At the l-year followup, 34 of the 42 surgical patients (80.9%) maintained successful fusion and alleviation of their sensation of instability. Twenty-five of these patients (59.5%)-all of whom were unemployed before surgery-were able to resume a professional activity. In the eight patients (19.0%) who still had a loss of stability during the second and 14th weeks, we noticed that there were some negative effects of rehabilitation. Six of these patients developed a pseudarthrosis or an osteolysis of their bone graft during the first 3 months after fusion, and three required a repeat operation. 
Discussion
This is the first followup study based on fMRI video diagnosis to evaluate patients with craniocervical instability caused by a loss of normal function of the alar ligaments after a nonpenetrating cervical spine trauma. When one alar ligament is injured, the main mechanism of motion restriction-axial rotation-is no longer limited. During trauma, especially rear-end automobile accidents that involve a whiplash mechanism and a rotation component, the ligaments we most vulnerable when the head is initially flexed and rotated.I?
We do not perform rotational CT as described by Dvorak et a1 4 and Penning" because patients have only a limited ability to move inside the gantry. Also, the anatomic variants of the alar, dental, and transverse ligaments are not revealed by functional CT. In addition, some patients are unable to bend sideways or perform a physi- Long-term carcinogenicity studies In mice and rats have been completed for clprofloxacln.
After dally oral doses of750 mglkg (mice) and 250 mglkg (rats) were administered forupto 2 years, there was noevidence thatciprofloxacln had any carcinogenic ortumorigenic effects In these species. No long term studies 01 CIPRO" HC OTIC suspension have been performed to evaluate carcinogenic potential. Fertility studies performed in rats at oral doses of clprofloxacin upto 100mglkglday revealed noevidence 01 impairment. This would beover 1000 times themaximum recommended clinicaldose ofototopical clprofloxacln based upon body surface area, assuming total absorption ofclprolloxacln from theear 01 a patient treated w~h CIPRO" HC OTIC twice per day. Long term studies have notbeen performed to evaluate the carcinogenic potential orthe effect onfertility oftopical hydrocortisone. Mutagenicity stUdies with hydrocortisone were negative. Pregnaney: TeratDgenlc Effects. Pragnaney Cetegory C: Reproduction studies have belnperformed inrats and mice using oral doses 01 upto 100 mllikg and IVdoses upto30mlliklland have revealed noevidence ofharm to the fetus asa result 01 clprolloxacin. Inrabb~, c[prOiloxacln (30 and 100 mglkg orally) produced gastrointestinal disturbances resulting In maternal weight loss and an increased inCidence ofabortion, butnoteratogenicity was observed ateither dose. After intravenous administration ofdoses upto20mQlkg, no maternal toxicity was produced In the rabbit, and no embryotoXicity or teratogenicity was observed. Corticosteroids are generally teratogenic Inlaboratory animals when administered systemically at relatively lowdosage levels. The more potent corticosteroids have been shown to beteratogenic alter dermal application Inlaboratory animals. Animal reproduction studies have notbeen conducted with CIPRO" HC OTIC. No adequate and well controlled studies have been performed In pregnant women. Caution should beexercised when CIPRO" HC OTIC Isused bya pregnant woman. Nursing Mothers: Ciprofloxacln is excreted in human milkwith systemic use. It is notknown whether ciprofloxacin is excreted in human milkfollowing topical oticadministration. Because of the potential for serious adverse reactions in nursing infants, a decision should bemade whether to discontinue nursing orto discontinue the drug, taking Into account the Importance ofthedrug tothe mother. Pedletrlc use: The safety and efficacy of CIPRO" HC OTIC have been established in pediatric patients 2 years and older (131 patients) in adequate and well-controlled clinical trials. Although nodata are available onpatients less than age 2years, there are noknown safety concerns ordifferences inthedisease process Inthispopulation which would preclude use ofthis product inpatients one year and older. See DOSAGE AND ADMINISTRATION. ADVERSE REACTIONS InPhase 3clinical trials, atotal of564 patients were treated with CIPRO" HC OTIC. Adverse events with atleast remote relationship totreatment included headache (1.2%) and pruritus (0.4%). The following treatment-related adverse events were each reported In a single patient: migraine, hypesthesia, paresthesia, fungal dermalilis, cough, rash, urticaria, and alopecia. NDC 0065-8531-10 CIPRO" Isa registered trademark of Bayer AG. Licensed byBeyer AG Manufactured by Beyer Corporation RlOnly U.S. Pat. Nos. 4,670,444; 4,844,902; 5,843,930; and Pat. Pending. Revised January, 1999 CHCOB-OI99 TISSUE TRAUMA TO THE CRANIOCERVICAL JUNCTION ologic maximum rotation. In patients who have vertebral artery territory insufficiency, MRI evaluation should first exclude intravertebral artery pathology because of the risk of restricted blood flow through the contralateral intravertebral artery during passive rotation to the opposite side. In this situation, we performed standby monitoring to minimize the risk of a drop attack. Through direct controlled posturing of the patient, we were able to recognize patient discomfort early.
A previous study showed that seven of 95 patients (7.4%) who underwent fMRI of the upper cervical spine experienced unilateral changes in vertebral artery blood flow, and some had hypoplasia." We concur with Willauschus et al that there is only a low incidence of complete rupture of ligaments in accident victims (4.8% of our patients). 19 We are also in agreement with Dvorak et al'? and Dickman et al, 20 who suggested that the mechanism ofinjury in the upper cervical spine occurs first with a rupture of the alar ligaments; only after a complete separation of the alar ligaments has occurred might there be a rupture of the transverse atlantodentalligament. The alar ligaments might be more vulnerable to separation because they are composed mainly of collagenous fibers and they contain few elastic fibers." They are relatively weak compared with other ligaments." Restoration of the strength of these nonfunctional ligaments has not been reported.
One unresolved diagnostic imaging problem is the alteration of signals in patients who have functionally normal craniocervicalligaments. Based on the observation of incomplete rupture of other ligaments-such as those in the shoulder, knee, and ankle joint 22-we can anticipate that if scarring forms in the disrupted, overstretched alar ligament, it would manifest as an inhomogeneous, asymmetrical band mass. However, this has not been established with certainty. Therefore, we should endeavor to improve our understanding of the osseous, ligamentous, capsular, and facet-joint variations at the craniocervical junction.V Before performing an fMRI study in an open system with controlled movements, physicians must be cognizant ofthe embryologic vascular anatomy and its variants, as well as the defined elasticity syndromes. In our series of420patients, we identified 267 (63.6%) with intact stability; 158 of them (37.6% of the total) had signal continuity of the alar ligaments. Moreover, these 267 patients mighthave experienced anociceptive input failure between the fibrous capsule, the facetjoint synovial membranes, and the interaction of the muscles of the cervicocephalic region."
Before considering invasive stabilization surgery, it is imperative that the surgeon scrutinize the MRI signalintensity patterns of the alar ligaments in order to clearly identify functional as well as anatomic instability. In order to define instability of the craniocervical junction, attention should be given to the position of the dens- related region and the dimensions of its subarachnoid space during the entire rotational maneuver." However, what is truly at the basis of instability will have to be clarified in prospective, controlled, and coordinated outcomes studies by the investigating physicians and the surgeons. Controlled, double-blind outcomes research would be difficult to design for patients who undergo such invasive surgery.
We must not overlook the fact that a cervical disk herniation might be the cause of severe pain, and that significant alleviation of symptoms can be obtained for most of these patients with anterior cervical fusion. Before operating on the upper cervical spine, the surgeon should obtain a routine MRI and, if possible, an anteriorto-posterior MRI under flexion and extension.>
In conclusion, fMRI video analysis is a noninvasive investigation to establish instability of the craniocervical junction, especially of the alar ligaments. Routine evaluation of the extracranial vertebral circulation by MRI angiography is an additional preinvestigative recommendation. The mechanism of alar-craniocervical junction instability might be consistent with a severe rotatory-type trauma to the upper cervical spine, such as might occur in an acceleration-deceleration strain to the neck or head while it is in a rotated and flexed position. This type of injury is different from the more typical whiplash event. Surgery is indicated for established unstable injuries when the patient experiences intractable neck pain that has failed to respond to conservative management. In our study, 42 patients with unstable alar ligament injuries and contralateral joint rupture were stabilized by dorsal fusion of CO-C I-C2. Functional MRI video was able to identify those patients who experienced instability following a severe, traumatic, soft tissue rupture, and it helped direct the most appropriate neurosurgical intervention. Dorsal fusion can correct the underlying instability of the alaratlantoaxial joint and bring about considerable clinical improvement.
